ABSTRACT Overwinding protection devices are used to brake hoisting containers before these containers reach a limited height, thereby preventing the hoisting containers from impacting the hoisting system. However, in ultra-deep shafts (depth > 1000 m), traditional overwinding protection methods fail to protect the hoisting system, because this type of hoisting system has a greater mass, kinetic energy, and inertia than the traditional hoisting system, and also the environment of ultra-deep shafts is more complex. This paper presents a novel overwinding protection method that applies a linear permanent magnet eddy current brake (LPMECB) to the hoisting system in ultra-deep shafts. This paper also finds the optimum setting parameter of permanent magnets (PMs). First, an analytical model of the LPMECB is built, and the time-domain signals of the braking force are processed via fast Fourier transform, confirming the mechanism of the optimum setting parameter. Subsequently, the simulations are conducted by establishing a finite-element model of the LPMECB; the simulations prove the existence of the optimum setting parameter of PMs and demonstrate the influence of the air gap, velocity, and conductivity on this parameter. Finally, the experimental studies are carried out on a test bench of the LPMECB to validate the analytical model and the simulation results. The results show the existence of the optimum setting parameter of PMs and prove that the air gap has an effect on this parameter.
I. INTRODUCTION
As the availability of shallow solid mineral resources gradually diminishes, it has become necessary to explore deep coal seams. As a result, a hoisting system with large kinetic energy for use in an ultra-deep shaft has been developed. Although the hoisting system can exploit more coal resources, it is likely to cause accidents because of more complex geological conditions. Therefore, the reliability requirements of the safety features in this hoisting system have become increasingly stringent. In this context, this paper discusses overwinding protection for the hoisting system.
When an overwinding accident occurs in the hoisting system, a corresponding protection device must be able to apply the brakes to the hoisting containers smoothly in time,
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providing overwinding protection [1] , [2] . There are many types of overwinding protection methods, such as the wedgeshaped wood type, friction type, steel belt type, and hydraulic type [3] , [4] . However, these methods involve contact braking, which normally leads to wear of the friction components, causes considerable damage to the equipment, and reduces the life of the equipment. For example, one method of overwinding protection is to apply wedge-shaped wood in the cage guide, but the strength of the wood is low, providing insufficient protection for the hoisting containers. The friction type overwinding protection mainly uses friction to brake the hoisting containers, the performance of which can be influenced by heat fade. The steel belt type of overwinding protection mainly depends on deformation of the steel belt to consume the kinetic energy of the hoisting containers; this method involves a complex structure and limited times of repeated use. In the hydraulic type of overwinding protection, a hydraulic cylinder is used to absorb the kinetic energy of the hoisting containers, but it is large in size and takes up considerable space. It is difficult to use these methods to satisfy the requirements of reliability and stability because the hoisting containers have great mass, kinetic energy and inertia and because the environment of ultra-deep shafts is complex. In contrast, eddy current braking [5] , [6] is a noncontact braking mode with several advantages, such as no wear, high reliability and stable braking. Thus, eddy current braking is a technology that can potentially be applied for the overwinding protection of hoisting systems.
Eddy current braking can be divided into electric excitation eddy current braking [7] , permanent magnet eddy current braking [8] and hybrid excitation linear eddy current brake [9] . Electric excitation eddy current braking inherently requires a power supply and has consequent power losses. In contrast, permanent magnet eddy current braking does not need a power source, is simple in structure [10] . Moreover, the force density of permanent magnet eddy current braking is larger than that of the electric excitation eddy current braking. The hybrid type eddy current brake, which has excitation current and PM at the same time, but its manufacturing and maintenance cost are higher. Permanent magnet eddy current braking has been employed in many applications, including vehicle braking systems, transmission systems, and vibration suppression [11] - [13] . Gulec et al. [14] studied the influence of the conductivity and permeability of Conductor Plates (CPs) on braking torque; Gay and Ehsani [15] investigated the mechanism of the relationship between speed and braking torque; Kou et al. [16] presented a novel parallel magnetic path hybrid excitation linear eddy current brake, and analyzed the feasibility of the equipment; Wang et al. [17] added back iron to the driving member and follower to improve the magnetic circuit and introduced a temperature correction coefficient to counteract the error caused by the temperature change. However, the axial and radial structures in the above research are not suitable for overwinding protection, and the setting parameter of Permanent Magnets (PMs) has not been studied.
The main contributions of this paper are as follows: 1) This paper attempts to apply a Linear Permanent Magnet Eddy Current Brake (LPMECB) for the overwinding protection of a hoisting system with large kinetic energy in ultra-deep shafts.
2) The optimum setting parameter of PMs is found.
3) The mechanism of the optimum setting parameter of PMs is analyzed theoretically via Fast Fourier Transform (FFT). 4) The influence of Air Gap (AG), velocity, and conductivity on the optimum setting parameter is researched.
The organization of this paper is as follows: the LPMECB is proposed in Section 2, and this method can be applied for the overwinding protection of the hoisting system. In section 3, the analytical model of the LPMECB is established in the Cartesian coordinate system according to the Rogowski method. In section 4, the time domain signals of the braking force are processed via FFT and the mechanism of the optimum setting parameter of PMs is analyzed theoretically. In section 5, the finite element model of the LPMECB is established on the basis of the analytical model; moreover, the existence of the optimum setting parameter of PMs is proven by simulation, and the influence of AG, velocity, and conductivity on the optimum setting parameter of PMs is analyzed. Section 6 describes an experimental study conducted on a test bench of the LPMECB, which validates the analytical model and simulation results. Section 7 provides conclusions.
II. STRUCTURE
We present a novel overwinding protection method by applying a LPMECB to a traditional hoisting system. The new hoisting system consists of a top head sheave, a tensioner, wire ropes, a LPMECB, hoisting containers and a down head sheave, as shown in Fig. 1 . The top head sheave is the drive component, which provides power for the hoisting system. The main function of the tensioner is to provide a certain tension to the wire rope and stable operation in the hoisting system. The down head sheave is deployed in the bottom hole, and its function is to balance the force of the hoisting system; in addition, the vibration and sway of the wire rope and hoisting containers are reduced. Under normal running conditions, there is no overwinding accident in the hoisting system. The hoisting containers will stop before they enter the upper and lower overwinding regions and the LPMECB does not need to act. However, when an overwinding accident occurs in the hoisting system, it is necessary for the LPMECB to prevent the overwinding accident quickly to protect personnel and reduce equipment losses. To analyze this process, the hoisting containers are simplified as CPs, as the hoisting containers are metal shell structures. The LPMECB includes PMs, two Back Irons (BIs), and two CPs. Thus, a 2-D model for the LPMECB is illustrated in Fig. 2 , where the arrowed lines are the magnetic paths and d and l x are the pole pitch and the width of a PM, respectively. VOLUME 7, 2019 In addition, the magnetic field leaving the N poles of PMs crosses the AG and splits into two equal sections, each traveling in the opposite direction toward the S poles [18] , [19] . According to the law of electromagnetic induction, the relative movement of the CP and the PMs causes eddy current in the CP. Due to the circulation of the eddy current, magnetic fields are generated, and these magnetic fields interact with the magnetic flux generated by the PMs, which results in a braking force between the CP and the PMs.
III. ANALYTICAL MODEL
The CP is considered a linear material, regardless of whether it is magnetic or not [20] . Thus, the problem of magnetic fields can be solved by the superposition of two sub-problems according to the Rogowski method [21] , [22] : a static problem and an eddy current problem. In the static problem, only the PMs' magnetization is considered, and there is no eddy current. In contrast, for the eddy current problem, it is assumed that no magnetization exists except that of the eddy current in the CP. Therefore, the analytic solution of the braking force is obtained by solving the two aforementioned sub-problems. The initial parameters of the simulation model and the experimental system are determined as follows: the thickness of the PM is 10 mm, the thickness of the CP is 10 mm and the thickness of the BI is 5 mm. The specific work is as follows. First, a 2-D 5-layer model (Fig. 3) is established in the Cartesian coordinate system that only considers the variation of the magnetic flux in the x-y plane because the magnetic flux is invariant in the z direction. In this model, the magnetic fields are classified into 5 layers: the first layer is air; the second layer is the CP, whose thickness is g; the third layer is the AG, whose thickness is δ; the fourth layer is the PMs, whose thicknesses are h m ; and the fifth layer is the BI, whose thickness is b.
Second, the Maxwell equations are established as follows [23] : (2) is periodic in the y direction following the cosine law. Therefore, the magnetic vector potential A has the following form:
The general form of A is thus:
where f is the change frequency of the magnetic fields; and C and D are coefficients determined by boundary conditions. The solutions for A in the static problem for regions 1-3 are thus expressed as follows:
The PMs region is modeled as current waves traveling above the CP:
where a h is the h-order Fourier expansion coefficient. With the boundary conditions applied for Eq. (5), the static problem can be written in the matrix form, as shown in Eq. (7).
Since there is eddy current in region 2, we focus on solving the eddy current problem in region 2. The solutions for A are similar in the eddy current problem and the static problem in regions 1 and 3 because there is no eddy current in these two regions.
where M s_h = a h · Re e jh(2πft−x) . The flux density resulting from the eddy current ( 
A Coulomb gauge is used, and we can obtain the following:
∂ 2 A→ z 12
The solutions of A for the eddy current problem in regions 1-3 are shown in Eq. (16) . 
The force density is thus expressed as follows:
The flux density vector in the Cartesian coordinate system is written as follows:
The eddy current density is obtained according to Faraday's law of the Maxwell equations:
The only component (z) of → J is thus Eq. (22) . The analytic expression of the elemental braking force in the LPMECB can be computed at any position:
The total braking force is obtained by the integration of the elemental braking force:
IV. MECHANISM ANALYSIS
The setting parameter of PMs (k 1 ) is defined as follows: 
Generally, the mechanism is usually analyzed based on analytical formulas to obtain a relationship between parameters. The calculation process in Section 3 is described simply as follows. First, when k 1 is increased and the other parameters are held constant, the change frequency of the magnetic fields (f ) and the pole pairs (p) in unit length will decrease; the amplitude and the phase value of M S (x) will also change, but the tendency is uncertain. Furthermore, with Eq. (7), C 2 and D 2 can be obtained; then, S 2 and R 2 are acquired according to Eq. (17) . Additionally, the elemental braking force at any position ( − → F braking ) can be determined via Eq. (24). Finally, the total braking force (F) is computed after the integral of − → F braking . Indeed, as the above process includes many steps such as matrix solution, calculus and so on, k 1 does not directly affect the value of F, but first affects the value of f and p, further affects the value of C 2 , D 2 , S 2 and R 2 , and finally indirectly affects the value of F. In other words, the value of F can be obtained by using simulation software, but the mechanism between k 1 and F is unknown. Therefore, in order to research the mechanism, the time domain signals of F are processed by FFT, and the amplitude spectra and phase spectra of F are analyzed.
The time domain curves of F (Fig. 4 ) are compared at different k 1 values, using v = 2.4 m/s and δ = 15 mm and choosing aluminum as the CP.
In Fig. 4 , F first increases with k 1 until k 1 = 2, at which point F becomes the largest, and then F decreases with k 1 . After FFT is used on F, the amplitude spectra and the phase spectra corresponding to the time domain curves of F can be determined as shown in Tab. 1.
Similarly, the amplitude of the fundamental frequency first increases with k 1 , peaking when k 1 = 2, followed by a drop, as seen in Tab. 1(a). In contrast, the amplitudes at other frequencies remain basically unchanged with k 1 , holding steady at 0. A similar pattern is also seen in the phase value. As shown in Tab. 1(b), the phase values at other frequency points increase with k 1 until k 1 = 2, when the values peak. When k 1 ≥ 2, the values begin to decrease with k 1 . In comparison, the phase value of the fundamental frequency remains constant at 0. Based on these results, we can conclude that the amplitude of the fundamental frequency has the greatest effect on F, while the phase values and other amplitudes have a negligible effect on F. This conclusion proves the existence of the optimum setting parameter of PMs, and the key to the mechanism is the change in amplitude of the fundamental frequency. 
V. SIMULATION RESULTS
According to the analytical model, the 3-D finite element model of the LPMECB is established by using multi-physics field software (COMSOL Multiphysics 5.0), as shown in Fig. 5 . In this model, the PMs are distributed uniformly along the direction of the CP, and industrial pure iron is selected for the BI. The CP material is brass (σ = 14 Ms/m), aluminum (σ = 37 Ms/m), and copper (σ = 57 Ms/m). The type of the PM is N35, the size of the PM is 10 mm × 20 mm × 30 mm, the thickness of the CP is 10 mm, and the thickness of the BI is 5 mm. Because the CP is an important component of the LPMECB, the mesh of the CP is set as finer, and the mesh of the PM and BI is set as normal, and the mesh of air is set as coarser. The stationary solution is automatically used as the initial condition. The boundary conditions are automatically created between various components of LPMECB when forming an assembly. Use Magnetic Flux Conservation in the non-conducting domains and Ampère's Law in the conducting domains. Set up the permanent magnet as a user defined domain with remanence and permeability. Fig. 6 shows the magnetic flux density profile of the CP at different k 1 values at lower speeds. Fig. 7 shows the relationship between k 1 and air gap magnetic flux density, and air gap magnetic density is considered to be the maximum magnetic density on the surface of the conductor plate near permanent magnets. In order to reduce the computation time, the analytical model and the finite element model are solved approximately, which lead to the difference between AM and FEM results. To describe the braking performance of this brake more intuitively, ''Coal Safety Regulations'' and ''Coal Mine Shaft Design Specification'' in China have a stipulation governing the overwinding protection of a hoisting system with large kinetic energy in ultra-deep shafts. Based on this requirement, the stipulation is calculated via Eq. (27) as follows:
where a g (m/s 2 ) is the target acceleration, V is the relative velocity, and H g is the overwinding height. According to the requirements of the hoisting system for overwinding speed and overwinding height, as well as the calculated results of Eq. (27), a g ≥ 1.125 m/s 2 is not only the basic requirement of the overwinding protection but also the performance evaluation benchmark of the LPMECB when V ≤ 3 m/s. The following parameters are defined:
where a is the acceleration of the LPMECB; k 2 (%) is the braking coefficient and k 2 (%) is the change of the braking coefficient; k 2(k 1 =1.2) is the braking coefficient when
In the 3-D finite element model, V is 2.4 m/s and the CP is aluminum. The change curves of k 2 vs k 1 are obtained at different δ, namely, 9 mm, 12 mm and 15 mm, as shown in Fig. 8(a) . The change curves of k 2 (%) vs k 1 are obtained at different δ, as shown in Fig. 8(b) . In Fig. 8(a) , the relationship between k 2 and k 1 is nonlinear. There is a maximum value in each curve, which means the deployment parameter k 1 can be optimized to achieve maximum braking efficiency. Furthermore, δ has an influence on the maximum braking efficiency and the optimal deployment parameter. The smaller the value of δ is, the larger the value of k 2 is and the smaller the optimum k 1 value is. For example, the maximum k 2 value is 275% when δ = 9 mm, the maximum k 2 value is 140% when δ = 12 mm, and the maximum k 2 value is 65% when δ = 15 mm. Fig. 8(b) shows the effect of the optimal deployment parameter; when δ = 9 mm, the maximum k 2 (%) value is 65%, which means the optimum k 1 value has a great impact on the improvement of braking efficiency. In addition, the smaller the value of δ is, the more obvious the effect is.
The relationship between k 2 and k 1 is obtained at different V at lower speeds, as shown in Fig. 9(a) , when δ = 15 mm and the CP is aluminum. The change curves of k 2 (%) with k 1 are obtained at different V , as shown in Fig. 9(b) .
Similarly, Fig. 9 (a) shows that k 2 is nonlinear with k 1 . There is a maximum value in each curve, which means the deployment parameter k 1 can be optimized to achieve maximum braking efficiency. Furthermore, V has an influence on the maximum braking efficiency. The larger the value of V is, the larger the value of k 2 is, and the optimum k 1 value is independent of V . For example, the maximum k 2 value is 73% when V = 2.8 m/s; the maximum k 2 value is 63% when V = 2.4 m/s; and the maximum k 2 value is 53% when V = 2 m/s. Fig. 9(b) shows the effect of the optimal deployment parameter; when V = 2.8 m/s, the maximum k 2 (%) value is 35%, which means the optimum k 1 value has a great impact on the improvement of braking efficiency.
The change curves of k 2 vs k 1 are obtained for different materials (σ ) at lower speeds in Fig. 10(a) , when δ = 15 mm and V = 2.4 m/s. The change curves of k 2 (%) with k 1 are achieved for different materials (σ ), as shown in Fig. 10(b) .
As Fig. 10(a) shows, the relationship between k 2 and k 1 is nonlinear. There is a maximum value in each curve, which means the deployment parameter k 1 can be optimized to achieve maximum braking efficiency. Moreover, σ has an influence on the maximum braking efficiency. The larger the value of σ is, the larger the value of k 2 is, and the optimum k 1 value is independent of σ . For example, the maximum k 2 value is 90% when σ = 57 Ms/m; the maximum k 2 value is 64% when σ = 37 Ms/m; and the maximum k 2 value is 27% when σ = 14 Ms/m. Fig. 10(b) shows the effect of the optimal deployment parameter; when σ = 57 Ms/m, the maximum k 2 (%) value is 44%, which means the optimum k 1 value has a great impact on the improvement of braking efficiency. 
VI. EXPERIMENTAL VERIFICATION A. EXPERIMENTAL SYSTEM DESIGN
The analytical model in section III demonstrates that the braking force is caused by the relative motion between CPs and PMs, regardless of whether the CPs are moving parts or not. In this context, an experimental system of the LPMECB is built, and the simulation results are verified experimentally. The experimental system is shown in Fig. 11 . Fig. 12 shows the distribution of Permanent Magnets on the trolley when k 1 = 1.35. As shown in Fig. 11 , the PMs, BI, DC power supply, data acquisition system and sensors are fixed on the trolley, which can slide freely on the slide rail. The experimental process is as follows. Initially, the trolley enters the CP area at a certain speed. Next, the position of the trolley is determined by the position of the sensor signal, and the speed of the trolley is detected in real time by the speed sensor. Finally, the data acquisition system is used to collect and transmit sensor signals to a host computer.
B. EXPERIMENTAL RESULTS
In the experimental system, the change curves of k 2 vs k 1 are acquired at different δ, as shown in Fig. 13(a) , when V = 2.4 m/s and the CP is aluminum. The change curves of k 2 (%) with k 1 are gained at different δ, as shown in Fig. 13(b) .
In Fig. 13(a) , the relationship between k 2 and k 1 is nonlinear. There is a maximum value in each curve, which means the deployment parameter k 1 can be optimized to achieve maximum braking efficiency. Furthermore, δ has an influence on the maximum braking efficiency and the optimal deployment parameter. For example, the optimum k 1 value is the smallest when δ = 9 mm and the optimum k 1 value is equal when δ = 12 mm and 15 mm. Thus, the value of the optimum k 1 value is related to δ. The maximum k 2 value is 75% when δ = 9 mm; the maximum k 2 value is 45% when δ = 12 mm; and the maximum k 2 value is 25% when δ = 15 mm. Fig. 13(b) shows the effect of the optimal deployment parameter; when δ = 12 mm, the maximum k 2 (%) value is 11%, which means the optimum k 1 value VOLUME 7, 2019 has a great impact on the improvement of braking efficiency. Compared with simulation results, experimental results have differences in amplitude, but the trend of experimental results is consistent with that of simulation results. The reason of this phenomenon is considered to be irregular vibration of the trolley during operation. The change curves of k 2 vs k 1 are obtained at different V , as shown in Fig. 14(a) , using δ = 15 mm and when the CP is aluminum. The change curves of k 2 (%) with k 1 are achieved at different V , as shown in Fig. 14(b) . Fig. 14(a) shows that k 2 is nonlinear with k 1 . There is a maximum value in each curve, which means the deployment parameter k 1 can be optimized to achieve maximum braking efficiency. Furthermore, V has an influence on the maximum braking efficiency. The larger the value of V is, the larger the value of k 2 is, and the optimum k 1 value is independent of V . For example, the maximum k 2 value is 32% when V = 2.8 m/s; the maximum k 2 value is 25% when V = 2.4 m/s; and the maximum k 2 value is 17% when V = 2 m/s. Fig. 14(b) shows the effect of the optimal deployment parameter. when V = 2.8 m/s, the maximum k 2 (%) value is 13%, which means the optimum k 1 value has a great impact on the improvement of braking efficiency.
The relationship between k 2 and k 1 is obtained for different materials (σ ), as shown in Fig. 15(a) , when δ = 15 mm and V = 2.4 m/s. The change curves of k 2 (%) with k 1 are acquired for different materials (σ ), as shown in Fig. 15(b) .
As Fig. 15(a) shows, the relationship between k 2 and k 1 is nonlinear. There is a maximum value in each curve, which means the deployment parameter k 1 can be optimized to achieve maximum braking efficiency. Moreover, σ has an influence on the maximum braking efficiency. The larger the value of σ is, the larger the value of k 2 is, and the optimum k 1 value is independent of σ . For instance, the maximum k 2 value is 61% when σ = 57 Ms/m; the maximum k 2 value is 22% when σ = 37 Ms/m; and the maximum k 2 value is 21% when σ = 14 Ms/m. Fig. 15(b) shows the effect of the optimal deployment parameter; when σ = 57 Ms/m, the maximum k 2 (%) value is 24%, which means the optimum k 1 value has a great impact on the improvement of braking efficiency.
VII. CONCLUSIONS
In this paper, we propose a new overwinding protection method that applies an LPMECB to a hoisting system with large kinetic energy in ultra-deep shafts (depth>1000 m). First, the analytical model is established, and the mechanism of the optimum setting parameter is analyzed theoretically. Second, the 3-D finite element model is developed, and the influence of AG, velocity, and conductivity on the optimal setting parameter is analyzed. The results show that the optimal setting parameter has an effect on the braking coefficient, with the largest increase being 65%. Finally, the theoretical model and simulation results are verified in the test bench. The optimal setting parameter has an effect on the braking coefficient, with the largest increase being 24%. This proposed research process offers guidelines for the design of a new type of overwinding protection equipment for a hoisting system with large kinetic energy in ultra-deep shafts (depth>1000 m).
